A novel route to wood modification by impregnation of nanoclay combined with phenol formaldehyde (PF) resin is developed in this study. Wood polymer nanocomposites (WPNCs) were prepared from several tropical wood species by impregnating the woods with PF/nanoclay formulations. The vacuum-pressure method was used to impregnate the samples with PF/nanoclay prepolymer mixture. The formation of wood polymer nanocomposites and the location of impregnated materials inside wood were confirmed through SEM image and XRD pattern respectively. The PF/nanoclay loading achievable was found to be dependent on the properties of wood species. Low loading was observed for the high density wood species. Mechanical strength of fabricated WPNCs in terms of modulus of elasticity (MOE) was found to be significantly improved. Furthermore, morphological properties of raw wood and WPNC samples were evaluated by scanning electron microscopy (SEM) and XRD analysis and a change in morphological properties was also observed for WPNC.
Introduction
Wood modification by the nanocomposite technology with silicate nanoclays as in situ reinforcement has been intensively investigated in recent years. Solid wood is one of the most important structural raw materials and renewable resources in the world. Natural beauty, durability, and versatility make wood the preferred material for many uses. Nevertheless, wood has a few drawbacks which limit its use, including high moisture uptake, biodegradation and physicomechanical properties which changes with environmental variations [1] [2] [3] . Modification using suitable chemical treatments such as the formation of wood polymer composites (WPC) has shown some potential in improving wood properties [4] [5] [6] . Several kinds of chemicals (i.e. styrene, epoxy resin, urethane, phenol formaldehyde resin, urea formaldehyde resin, methyl methacrylate, vinyl, and acrylic monomer) have been used and their properties have been improved, but most of them have some limitations [7, 8] . In addition, mechanical properties of wood are not showing any significant improvement by chemical treatment [9] .
Recently, nanotechnological modification has proven to be very effective means of improving the essential properties of wood [10, 11] . Different types of silicates nanoclay such as montmorillonite, hectorite, and saponite have a layered structure that upon exfoliation leads to composites with very high stiffness and strength [12] . Moreover, considerable improvements in physical and mechanical properties, including tensile modulus and strength, flexural modulus and strength, thermal stability, flame retardant, and barrier resistance have been observed for various thermoplastic and thermoset nanocomposites at low silicates content [13] . Nanocomposite technology with organophilic layerd silicate as in situ nano reinforcement offers new opportunities for the wood properties. Due to its advantages properties, i.e. physical, mechanical, thermal, and barrier resistance, nanocomposite technique have been potential to improve properties of solid wood. Nanotechnological preparation of WPNCs could represent a promising new approach to obtain better products. However, very few attempts have been made in this view. Furthermore, there was no research that has been devoted to Malaysian tropical light hardwood species and their chemical modification with a nanoclay and PF resin combination technique.
In this research, five species of selected tropical light hardwood species were utilized as starting materials as they are abundantly available in the tropical region. The major drawbacks of using these species are their high moisture uptake, unsatisfying mechanical properties and high probability of deterioration by biological organisms. These negative inherent properties are especially pronounced in tropical areas where wood suffers from exposure to sunlight and high hygroscopicity which causes swelling and deformation. In order to overcome these problems and to improve the mechanical and morphological properties of wood, the wood samples were impregnated with combination of PF/nanoclay prepolymer system. Thus, the aims of this study are to manufacture wood polymer nanocomposites (WPNCs) from selected tropical light hardwoods and investigate their mechanical and morphological properties.
Experimental
Materials. For this study five species of tropical light hardwood were selected namely jelutong (Dyera costulata), terbulan (Endospermum diadenum), batai (Paraserianthes moluccana), rubberwood (Hevea brasiliensis), and pulai (Alstonia pneumatophora), they are found in abundance in the local forest of Malaysia. Commercially available phenol formaldehyde resin (PF), with a solid content of around 60%, was used as a prepolymer to impregnate into the wood samples. The physical properties of the PF resin are 1.15-1.18 g/cm 3 (specific gravity), 23.5-25.2 C p (viscosity at 30 o C), and 9-9.5 (pH). Trimethyl stearyl ammonium modified montmorillonite (Nanomer 1.28E Nanocor) was obtained from Sigma Aldrich Company, products of Inc. (USA), and was used as received.
Specimen Preparation. The sapwood portion of wood was cut into two blocks (each 65 cm long) from air dried wood logs (12% moisture content) and each block were then machined to 300mm (L) x 20mm (T) x 20mm (R) for treatment. The test samples were dried at 105 o C to determine the ovendried weights before PF resin or PF/nanoclay impregnation.
Preparation of PF/nanoclay prepolymer. The PF resin was first diluted with methanol, and then added 1% (wt/wt) nanoclay into the low viscosity PF resin at a mixing speed of 3050 rpm for 20 min in a disintegrator to form suspensions that was subsequently used to impregnate the wood samples under specific condition.
Manufacturing of Wood Polymer Nanocomposites (WPNC).
For wood polymer nanocomposite (WPNC) manufacturing, test samples were placed in an impregnation vacuum-chamber and a maximum vacuum (<75 mmHg) was drawn on the wood for 30 min. The respective resin solutions were introduced into the chamber until the samples were entirely covered. The samples were then soaked in resin solution for 24h at ambient temperature and atmospheric pressure to obtain further impregnation. Finally the samples were wrapped with aluminum foil and placed in an oven for 24 h at 105 o C for polymerization to take place, and then weighted to determine weight percentage gain (WPG) according to the following equation 1;
where W i and W f are oven-dried weight of raw wood and fabricated WPC samples respectively.
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Microstructural Analysis
Scanning Electron Microscopy (SEM). The interfacial bonding between the cell wall polymer and monomer mixture was examined using a Scanning Electron Microscope (JSM-6701F). The specimens were first fixed with Karnovsky's fixative and then taken through a graded alcohol dehydration series. Once dehydrated, the specimen was coated with a thin layer of gold before viewing on the SEM. The micrographs, taken at a magnification of 500x and 1000x are presented in the results and discussions section. Mechanical Test. In order to characterize mechanical properties of manufactured composites, bending and compression tests were carried out according to ASTM D-143 (1996) using a Shimadzu Universal Testing Machine having a loading capacity of 300kN. A cross head speed of 2mm/min was used during the test. The modulus of elasticity (MOE) was measured using the three point bending method and were calculated using the following equations, respectively.
X-ray Diffraction (XRD
where L = span length of sample, 180mm b = width of sample, 20mm d = thickness of sample, 20mm m = slope of the tangent to the initial line of the force displacement curve
Results and Discussion
Weight Percentage Gain (WPG %). After impregnation with PF/nanoclay prepolymer, the average weight gains for jelutong, terbulan, batai, rubberwood, and pulai were 14, 9, 17, 7 and 11. This result reveals that PF/nanoclay was successfully incorporated in all wood species, with the batai wood samples gaining the highest percentage of PF/nanoclay among the tested species. These results also indicate that the amount of polymer that can be introduced into the wood is dependent on the density of wood species. This is expected because lower density wood species gain higher amounts of polymer and vice versa [14] .
Static Bending (MOE) Analysis. The mechanical property-modulus of elasticity (MOE) of selected tropical raw woods and their WPNC are shown in Fig. 1 . From the figure, the MOE for all WPNC were significantly increased compared with their untreated one. The MOE of WPNC for Batai showed highest increment followed by, Pulai, Jelutong, Terbulan, and Rubberwood respectively. The improvement in MOE of WPNC samples can be interpreted as an nanoclay increased density by the reduction of void spaces in the wood and also enhanced the interphase interaction between PF and wood fiber [4, 11] . However, for Rubber wood, a lowest improvement was found compared with other woods because of its high density and a little amount of monomer loading, as confirm by other researchers [15] .
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Microstructural Analysis
Scanning electron microscopy (SEM). Scanning electron micrographs (SEM) of raw wood and WPNC are shown in figures 2(a) and 2(b) in a typical transversal section. The SEM micrographs in figures 2(a) shows that the raw wood fibers surface are covered with an uneven layer, which is probably waxy substances and a number of void/hole spaces, as reported previously [16] . On the other hand, Figure 2 (b) shows clean and completely void spaces filled PF/nanoclay polymer throughout the wood surface. The SEM images of WPNC sample (Fig. 2b) indicates the impregnated materials were found in both the cell wall polymer and vessels of the wood. In addition, it is seen that the incorporation of PF/nanoclay is in interaction with the outside surface of the cell lumens as well, because nanoclay and PF mixture is polymerized homogeneously. This is expected because nanoclay increases the adhesion and compatibility of polymer to the cell wall and vessels of the wood [10] . This result also suggests that the polymer formed a strong interface with wood cell walls, accounting for the observed increase in mechanical strength. 
X-ray Diffraction (XRD).
The X-ray diffraction patterns of raw wood and WPNC are given in figure 3 . As seen in Fig. 3 , the patterns of raw wood fibers exhibit three well defined peaks (2θ) at 15. [17] .
On the other hand, comparing the X-ray spectra between raw wood and WPNC reveals some new peaks (2θ) of various intensities in the amorphous region 40 o to 75.9 o . These peaks may be due to the strong interaction of nanoclay, wood and PF and the formation of wood polymer . This result indicates that the manufactured WPNC significantly increased the crystallinity of wood, as seen by other researchers [17] . Fig. 3 , X-ray diffraction pattern of typical raw wood and WPNC.
Conclusions
From the present study, it is concluded that significant improvement in mechanical and morphological properties was obtained for all WPNC which were fabricated by impregnation with PF/nanoclay prepolymer formulation. The SEM and X-ray diffraction results of WPNC reveal a complete polymer covered surface texture and improved degree of crystallinity. The authors propose that nanoclay as a nanoreinforcement increased the adhesion and compatibility of wood fiber to polymer matrix thus enhancing the degree of polymerization and the degree of crystallinity of wood composite, which significantly increased the mechanical and morphological properties of all selected tropical light hardwoods used in this study.
